Objective: In this study, we analyzed the association between genetic variants of genes in the NOTCH signaling pathway and the prognosis of non-small-cell lung cancer (NSCLC) in the Chinese population. We also explored the interaction between genetic and epidemiological factors for the test group. Methods: We performed genotyping of 987 NSCLC patients. Then, we used Cox proportional hazard models to analyze the associations between single-nucleotide polymorphisms (SNPs) and the prognosis of NSCLC. We employed Stata software to test the heterogeneity of associations between subgroups, and we analyzed the additive and multiplicative interactions between SNPs and epidemiologic factors. Results: This work revealed the important prognostic and predictive value of rs915894 in the NOTCH4 gene, which may be regarded as a promising prognosis biomarker of NSCLC. Cox regression analysis indicated that the C allele of rs915894 is associated with longer survival and decreased risk of death in NSCLC (codominant model: adjusted HR =0.83, 95% CI =0.70-0.99; dominant model: adjusted HR =0.83, 95% CI =0.71-0.98). Additional stepwise regression analysis suggested that this SNP is an independently favorable factor for the prognosis of NSCLC (dominant model: adjusted HR =0.85, 95% CI =0.72-0.99). This protective effect is more pronounced for patients who are not smokers, have a history of other lung diseases, or have a family history of cancer. We also detected statistically significant additive and multiplicative interactions between rs915894 and smoking, rs915894 and history of lung diseases, and rs915894 and family history of cancer, which all affect NSCLC survival. Conclusion: This study demonstrated that rs915894 in NOTCH4 may be a genetic marker for NSCLC prognosis in the Chinese population and that rs915894 may have an interactive relationship with epidemiologic factors. Keywords: NOTCH signaling pathway, single-nucleotide polymorphism, non-small-cell lung cancer, interaction, prognosis
Introduction
Lung cancer is the most common cancer and the first leading cause of malignancy worldwide. 1 In China, 781,000 new cases of lung cancer and 626,000 deaths were Epidemiological studies have shown that the prognosis of patients with NSCLC is affected by many factors, including pathological type, 4 clinical stage, 5 gender, 6 and age. 7 Patients with the same clinical features and demographic characteristics often demonstrate extensive heterogeneity in treatment sensitivity, disease recurrence, and survival outcomes after receiving the same treatment. 8, 9 Therefore, it is necessary to identify new biomarkers to predict patients' prognosis to improve the efficacy of cancer treatment.
In recent years, with the introduction of expanded knowledge of stem cells into oncology research, and the successful isolation and identification of tumor stem cells in various tumor tissues and cancer cell lines, the theory of cancer stem cells has received increasing attention. 10 Recent studies have found that cancer stem cells are resistant to chemoradiotherapy, and although traditional chemoradiotherapy can kill most tumor cells and reduce tumor volume, some cancer stem cells remain and become the source of tumor resistance, recurrence, and metastasis. 11, 12 As one of the main signaling pathways of cancer stem cells, the NOTCH signaling pathway plays an important role in the maintenance of self-renewal, multidirectional differentiation, and apoptosis of various cancer stem cells and thus participates in the regulation of cancer stem cells. 13 Deregulation or mutation of NOTCH receptors, ligands, and signaling regulators is implicated in the occurrence, development, and progression of several human solid tumors, for example, breast cancer, 14 colon cancer, 15 and liver cancer, 16 as well as NSCLC. 17 Previous reports have demonstrated that NOTCH signaling is activated aberrantly and plays a critical role in the initiation, progression, and metastasis of NSCLC. 18 These characteristics of cancer stem cells are closely related to their unique signaling mechanisms. Mutations, including SNPs, in some key genes in these signaling pathways cause disorder or overactivation of the entire signaling pathway, leading to tumor development. Our previous study identified several SNPs in the NOTCH signaling pathway associated with the susceptibility of NSCLC in patients of the Chinese population. 19 In the present study, we further explored the prognostic roles of candidate SNPs of the NOTCH signaling pathway in NSCLC patients and analyzed the interaction between genes and epidemiologic factors. The goal of this research was to improve the prediction of the prognosis of NSCLC and provide a basis for the development of treatment measures. 
Materials and methods

Study subjects
Data and sample collections
We obtained demographic data by in-person interviews using a standardized questionnaire that included gender, age, phone number, smoking status, history of lung diseases, and family history of cancer. We collected clinical information through hospital medical records, including pathological diagnosis, clinical stage, metastasis, the presence or absence of pleural effusion at the time of diagnosis, treatment information, date of diagnosis, and date of discharge. We conducted a standard follow-up by trained investigators using medical records or telephone interviews. The latest follow-up data in this analysis were obtained by December 1, 2017. Before treatment, we collected a 5 mL blood sample from each participant for genomic DNA extraction. The sample was taken in the laboratory using the Oragene DNA self-collection kit (DNA Genotek, OraSure Technologies, Inc., Ottawa, ON, Canada).
Selection and genotyping of SNPs
On the basis of data in Genebank (http://www.ncbi.nlm. nih.gov/Genebank), dbSNP (http://www.ncbi.nlm.nih.gov/ SNP), and the International HapMap database (http:// www.hapmap.org), we selected SNPs with the minimum allele frequency (MAF) threshold of 0.10, r2>0.8 to explore the association between SNPs in NOTCH signaling and the prognosis of NSCLC (Table 1) . We conducted SNP genotyping using matrix-assisted laser desorption and ionization time-of-flight mass spectrometry (MALDI-TOF-MS) with the Sequenom platform according to the manufacturer's iPLEX Application Guide (Sequenom Inc, San Diego, CA, USA). We analyzed results using the MassArrayTyper 4.0 Software. After we processed all of the test samples, we selected 10% of the samples at random and reran the samples for quality control purposes. Genotyping call rates were greater than 90%.
Statistical methods
We defined overall survival (OS) as the time from the date of diagnosis until the date of death from any cause or to the date of the last follow-up. We applied four genetic models (codominant, dominant, additive, and recessive) to assess the association between the SNPs and the clinical outcomes of the sample NSCLC patients. We considered the model with the smallest P-value to be the best-fitting model. We employed the Kaplan-Meier method to draw the overall survival curves of the SNPs and used the logrank test to compare the differences between groups. We fitted univariate and multivariate analyses with Cox proportional hazard regressions to calculate crude or adjusted hazard ratios (HRs) and their 95% confidence intervals (CIs). We used the stepwise Cox regression model to determine independent predictive factors of the NSCLC prognosis. In addition, we analyzed the additive and multiplicative interactions between the SNPs and epidemiologic factors, for which we found heterogeneity in the stratification analysis. All statistical tests were two-sided, and statistical significance was set at P<0.05. All statistical analyses were carried out by SPSS software version 22.0 (SPSS Inc., Chicago, IL, USA) and Stata software version 14.0 (Stata Corp, College Station, TX, USA).
Results
Characteristics and survival status of NSCLC patients
Demographic characteristics for the 987 NSCLC patients are provided in 31-3.25) , and patients with pleural effusion at the time of diagnosis (HR =1.56, 95% CI =1.34-1.82) showed significant association with poor OS. We did not find any association, however, between other tested clinical characteristics and outcomes. Therefore, further adjustment was made for gender, clinical stage, metastasis, pleural effusion, and surgery in the multivariate Cox regression to control for possible confounding of the main effects of the rs915894 in the prognosis of NSCLC. Associations between rs915894 and the prognosis of NSCLC stratified by patient characteristics
Association between genotypes and survival of NSCLC
We conducted stratified analyses to evaluate the associations between genotype of rs915894 and the OS of NSCLC patients by gender, age, smoking, history of lung diseases, family history of cancer, pathological types, clinical stage, metastasis, pleural effusion, surgery, chemotherapy and radiotherapy. The significant protective effects conferred by rs915894 were more prominent in some subgroups with an HR ranging from 0.49 to 0.80 ( Figure 2 ). As shown in Figure 2 , we observed a significantly decreased risk of death associated with rs915894 AC/ CC genotype in patients who were female (HR =0.71, 95% CI =0.51-0.99), were of less than 60 years old (HR =0.74, 95% CI =0.59-0.94), were not smokers (HR =0.63, 95% CI =0.48-0.84), had a history of lung diseases (HR =0.58, 95% CI =0.44-0.77), had a family history of cancer (HR =0.49, 95% CI =0.34-0.73), were without pleural effusion at time of diagnosis (HR =0.80, 95% CI =0.65-0.98), were without surgery (HR =0.77, 95% CI =0.62-0.96), or were accepting chemotherapy (HR =0.78, 95% CI =0.64-0.95).
The heterogeneity test found that the protective effect of the rs915894 AC/CC genotype on the prognosis of NSCLC was more pronounced in smokers, patients with a history of lung disease, and patients with a family history of cancer (Figure 2 ). (Table 5 ).
Discussion
In this study, we investigated the association of genetic polymorphisms in the genes of the NOTCH signaling pathway with the prognosis of NSCLC patients. We demonstrated that a variant genotype (AC+CC) of rs915894 in the NOTCH4 gene was significantly associated with a better prognosis of NSCLC when compared with AA genotypes, whereas we did not observe a significant association between other SNPs selected and the clinical outcomes of NSCLC patients. Moreover, multivariate COX regression analysis showed that rs915894 affected the prognosis of NSCLC patients. The favorable prognostic effect of rs915894 was more evident in specific subgroups of NSCLC patients. Additionally, the joint analysis found a significant interaction between genes and epidemiological elements. To the best of our knowledge, this study is the first to report the association between NOTCH4 gene polymorphisms and NSCLC prognosis. Once validated, NOTCH4 SNP rs915894 may be used as a prognostic marker in combination with epidemiological factors to make decisions about individualized treatment of NSCLC.
In the stratified analysis, with respect to SNP rs915894, we observed that more significant HR was shown for patients in the nonsmoking subgroup and for patients who had a history of lung diseases or a family history of cancer. These results indicated that SNP rs915894 might be a promising biomarker for specific subgroups, and thus it could contribute to individualized prediction in specific populations. In addition, joint analysis revealed strong effects from the combinations of rs915894 and smoking, rs915894 and history of lung diseases, and rs915894 and family history of cancer. Smoking, history of lung diseases, and family history of cancer were defined as influencing factors for the prognosis of NSCLC. 20, 21 Although previous studies have not provided related reports about the interaction of the rs915894 polymorphism and epidemiological factors, data revealed by the additive and multiplicative analyses have indicated that it would be promising to study the association of the rs915894 SNP with these factors. Cigarette by-products, especially nicotine, are potent mutagens and can be a direct cause of mutations in oncogenes or tumor suppressor genes. 22, 23 Li et al. 24 conducted in vitro and in vivo experiments to investigate the association of smoking and mutations in the NOTCH signaling pathway in NSCLC. They found a direct effect of smoking on the NOTCH signaling pathway that leads to the progression of lung cancer. In addition, they further discovered that smoking significantly changed the SNPs in the signaling pathway, and specific SNPs NOTCH signaling contributed to the pathophysiology of diverse lung disorders, such as chronic obstructive pulmonary disease, asthma, and pulmonary fibrosis. Moreover, a family history of cancer may provide a synergy with the NOTCH signaling pathway at the gene level, which in turn amplifies the effect on the prognosis of NSCLC. We must consider, however, that genetic variations among various populations and residents of different regions may have contributed to this paper's finding that only rs915894 was related to NSCLC. A multicenter prospective study with a larger sample is needed to verify whether correlations exist between other NOTCH pathway SNPs and NSCLC. NOTCH4, a transmembrane receptor of the Notch signaling pathway, is involved in the regulation of blood vessel formation and the remodeling and maturation of vascular networks. 26 Accumulating evidence has illustrated the specificity of NOTCH4 for different cancers and has suggested the potential for NOTCH4 to be used as a marker for the diagnosis and prognosis of cancers. Zhang et al. 15 reported that NOTCH4 might be an independent marker of relapse and prognosis in colorectal cancer patients, because overexpression of NOTCH4 in colorectal cancer cell lines suppressed tumor cell proliferation, migration, and invasion, while it induced apoptosis. Consistent with colorectal cancer, previous results demonstrated that high expression of NOTCH4 in ovarian cancer is correlated with a better prognosis. 27, 28 On the contrary, NOTCH4 is an oncogene of breast tumors, and patients with high NOTCH4 expression had significantly lower OS rates compared with the NOTCH4 low expression group in breast cancer, especially luminal breast cancer. 28 17, 18 Thus, further work is needed to determine the association between the expression of NOTCH4 and the prognosis of NSCLC. Currently, only a handful of studies have focused on the association between NOTCH4 polymorphisms and the prognosis of cancer, especially NSCLC. In previous studies, there was no exploration of the association between rs915894 and the overall survival of NSCLC, which we investigated for the first time in our study. Located in exon3, rs915894 of NOTCH4 is a missense mutation. We speculated that rs915894 could influence NOTCH4 expression activity and transcription of downstream proteins, resulting in a different NSCLC prognosis. Unfortunately, we did not collect the corresponding lung cancer tissue. Therefore, further investigation is needed to elucidate whether the rs915894 SNP in an exon could affect the expression of NOTCH4 and NSCLC prognosis.
In addition, our data showed the association between rs11364 and the prognosis of NSCLC, even though the Pvalue did not reach statistical significance after adjustment. This result could be a function of the location of rs11364 in exon4 of HES2, the expression of which is closely related to the occurrence and development of cancer. 33 Further study is needed to understand the effects of the rs11364 polymorphism on tumor progression.
In summary, our research discovered the important prognostic and predictive value of rs915894 in the NOTCH4 gene, which may be regarded as a promising prognosis biomarker of NSCLC in the Chinese population. To the best of our knowledge, this study was the first to examine the association of NOTCH4 polymorphisms with the overall survival of NSCLC patients. Nevertheless, some limitations of this study should be acknowledged. First, our sample size, although adequate for overall analysis, may be limited in some strata in the stratified analysis. This constraint might decrease the ability to detect the statistical associations between genotypes and strata. Second, all the subjects were recruited from Fujian Province, primarily from the city of Fuzhou, which could introduce selection bias. Third, because the lung tissue specimens were not collected in the previous study, gene expression analysis could not be performed, which failed to explore the mechanism of the effect of rs915894 on the prognosis of NSCLC. Future studies should include larger populations and other races to allow for a wider evaluation of the significance of the SNPs for NSCLC patients. Additional functional assays are warranted to reveal the underlying mechanisms implied in our findings.
